INTRODUCTION
The family of plant hormones, known as cytokinins, were discovered by their ability to induce cell division in cell cultures (1, 2) . Naturally occurring cytokinins are adenine derivatives and, dependent on the nature of the N 6 -side chain, are classified into isoprenoid or aromatic cytokinins (3) . In the plant, cytokinins are known to be involved in many different metabolic and developmental processes (4-7) that are often also influenced by other stimuli including environmental factors and additional hormones (3, (8) (9) (10) .
The metabolism of cytokinins is highly complex and little is known of the mechanisms that regulate homeostasis. Cytokinins can be present in plants as the free base and the corresponding nucleosides and nucleotides. Inter-conversions amongst these three forms are most probably carried out by enzymes involved in general purine metabolism and their impact on cytokinin activity, transport and homeostasis remain unknown (3, 11) . In contrast,
modifications of the N 6 -side chain are known to have profound effects on cytokinin activity and extensive studies over many years have analysed structure-activity relationships of the side chain (12) . Genes encoding enzymes involved in cytokinin biosynthesis have been identified (3, (13) (14) (15) (16) and processes leading to irreversible degradation by cytokinin oxidases have also been well characterised (17, 18) . The physiological significance of the biosynthetic and degradative pathways has been confirmed in transgenic studies (15, (19) (20) (21) (22) . MS spectra were acquired with a total of 1000 laser pulses over a mass range of m/z 800-4000. Final mass spectra were the summation of 20 sub-spectra, each acquired with 50 laser pulses, and internally calibrated using the tryptic peptides at m/z 842.509 and 2211.104.
Identification of the Bacterial Chaperonin GroEL Co-Purifying with UGTs
Monoisotopic masses were obtained from centroids of raw, unsmoothed data.
For Collision-Induced Dissociation (CID)-MS/MS, a Source 1 accelerating voltage of 8 kV, a collision energy of 1 kV, and a Source 2 accelerating voltage of 15 kV were used. Air was used as the collision gas at the instrument's 'medium' pressure setting with a recharge threshold of 9.9 × 10 -7 torr, which produced a Source 2 pressure of about 1 × 10 -6 torr. The
HPLC Analysis of the in Vitro Reaction Mixtures-Reverse-phase HPLC
(SpectraSYSTEM HPLC systems and UV6000LP Photodiode Array Detector, ThermoQuest) analysis was carried out using a Columbus 5 µ C 18 column (250 × 4.60 mm, Phenomenex) maintained at 30 °C. The data were acquired and analysed using the software ChromQuest version 2.51. Two different HPLC methods were developed for the analysis of cytokinins and their analogues. Each recombinant UGT activity assay containing a single substrate was analysed using one of the methods described in the following.
The first HPLC method employed a linear gradient of 10-100% methanol against H 2 O (all solutions contained 2.5 ml/L of glacial acetic acid and 0.4 ml/L of triethylamine) with a flow rate at 1 ml/min over 25 min. Each peak on the chromatogram was scanned between 200-400 nm (photodiode array profile) and was integrated at 270 nm. This method was used to analyse kinetin (retention time, R t = 14.0 min), kinetin-3-N-glucoside (R t = 7.0 min), kinetin-7-Nglucoside (R t = 10.4 min), kinetin-9-N-glucoside (R t = 11.7 min), N 6 -isopentenyladenine (R t = 16.6 min), N 6 -isopentenyladenine-7-N-glucoside (R t = 12.2 min), N 6 -isopentenyladenine-9-Nglucoside (R t = 14.5 min), N 6 -benzyladenine (R t = 16.2 min), N 6 -benzyladenine-3-N-glucoside (R t = 9.1 min), N 6 -benzyladenine-7-N-glucoside (R t = 12.5 min), N 6 -benzyladenine-9-Nglucoside (R t = 14.0 min), olomoucine (R t = 16.4 min), olomoucine glucoside (R t = 15.1 min),
The second HPLC method employed a linear gradient of 10-60% methanol against H 2 O (all solutions contained 2.5 ml/L of glacial acetic acid and 0.4 ml/L of triethylamine) with a flow rate at 1 ml/min over 25 min. Each peak on the chromatogram was scanned between 200-400 nm (photodiode array profile) and was integrated at 270 nm. This method was used to analyse trans-zeatin (R t = 14.5 min), trans-zeatin-7-N-glucoside (R t = 11.3 min), transzeatin-9-N-glucoside (R t = 12.6 min), trans-zeatin-O-glucoside (R t = 12.9 min), trans-zeatin-
11.1 min), cis-zeatin (R t = 13.5 min), cis-zeatin-7-N-glucoside (R t = 11.2 min), cis-zeatin-9-N-
Adenine (R t = 12.9 min) and guanine (R t = 8.8 min) were analysed by a linear gradient of 10-20% methanol against 50 mM ammonium formate buffer pH 4.6 over 20 min with a flow rate at 0.5 ml/min. Each peak on the chromatogram was scanned between 200-400 nm (photodiode array profile) and was integrated at 254 nm.
Identification and Quantification of the Glucosides Synthesised During the in Vitro
Reactions-The nature of glucosides synthesised by recombinant UGTs in this study was confirmed by comparing the photodiode array profile and the retention time of the glucosides on the chromatogram with the authentic compounds when these were available (see Materials section). For those glucosides that were not available commercially, their chromatograms were compared with the glucosides of similar chemical structures. Kinetin-7-N-glucoside and kinetin-9-N-glucoside were assigned by comparing with the chromatogram that separating N 6 -dihydrozeatin-9-N-glucoside and olomoucine respectively. The glucosides were quantified using either the extinction coefficient of the authentic glucosides or the extinction coefficient of the aglycone after hydrolysis of the corresponding glucosides. To investigate the glucosyltransferase activity of the crude protein extracts prepared from plant tissues, 50 µl crude protein extracts (containing 0.1-0.3 mg of total protein) were mixed with 1 mM trans-zeatin, 5 mM UDP-glucose and 100 mM MES, pH 7.0 in a 100-µl reaction.
Over-Expression of UGT76C1 in
The reactions were incubated at 30 °C for 1 h and were stopped by the addition of 10 µl of trichloroacetic acid (240 mg/ml). The reaction mixtures were analysed subsequently using reverse-phase HPLC following the method described above. 
Exogenous Application of trans-Zeatin to Transgenic Plants

HPLC Analysis of the trans-Zeatin Glucosides in Transgenic Plants-To analyse the
amount of the glucosides of interest in the transgenic plants, 1 g of plant tissue was ground to fine powder and was extracted with 10 ml of 80% methanol. The slurry was left at room temperature for 1 h followed by centrifugation at 5000 × g for 5 min. After filtration, the supernatant was collected, concentrated in vacuo and analysed with HPLC. The HPLC analysis was carried out as described above with some modifications. The methanol extract was analysed with a linear gradient of methanol in H 2 O (all solutions contained 2.5 ml/L of glacial acetic acid and 0.4 ml/L of triethylamine) at 1 ml/min from 10-100% over 40 min, 30
°C and monitored between 200-400 nm. The peaks corresponding to the trans-zeatin glucosides were integrated at 270 nm and were quantified using the extinction coefficient of authentic glucosides. 0.1 mM N 6 -isopentenyladenine was added as internal control at the beginning of the extraction to monitor the recovery rate.
RESULTS
Recombinant UGTs of Arabidopsis Recognise Cytokinins-Members of the multigene
family of UGT sequences of Arabidopsis were expressed as recombinant fusion proteins in E.
coli, purified by affinity chromatography and screened in vitro for activity against each of the five classical cytokinins: trans-zeatin, dihydrozeatin, N 6 -benzyladenine, N 6 -isopentenyladenine and kinetin. Only five from the 105 sequences analysed (Table S1) Table I .
To gain insight into substrate recognition by these five enzymes, their activity towards a further thirteen compounds was assayed and results shown in Table II MS/MS-ion-search scores with confidences greater than 99.99%, and an additional three gave scores with confidences greater than 99%. As described in the Experimental Procedures, the GST affinity matrix binding the UGT fusion protein/GroEL complexes was pre-treated with 20 mM ATP and 20 mM MgCl 2 to remove the bacterial chaperonin prior to elution of the UGTs with the reduced form of glutathione. As shown in Figure 2B , an incubation of 30 min was sufficient to remove the chaperonin, and the UGTs were used in the following kinetic analysis. No effect of the treatment on UGT activities was observed (data not shown). hydroxyethylamino]-9-methylpurine) with cytokinins was found to decrease the level of Nglucosides in tissue extracts (45) (46) (47) . It was suggested that these compounds might directly inhibit the activity of the N-glucosyltransferase(s). Figure 4 shows the effects of a substituted xanthine (3-isobutyl-1-methylxanthine) and olomoucine on the activity of UGTs 76C1 and 76C2. It can be seen that both compounds inhibit the activities of UGTs (Fig. 4A ).
Steady-State Kinetics of the N-Glucosyltransferases UGTs 76C1 and 76C2-Results in
Lineweaver-Burk plots of the inhibition experiments showed that the trendlines intercepted on the Y-axis suggesting that these compounds are competitive inhibitors ( Fig. 4B and 4C ).
Comparing the K i values of the two inhibitors, olomoucine is clearly more effective. The K i value of olomoucine derived in this study is near-identical to that reported previously when crude enzyme extracts were used to analyse N-glucosyltransferase activity (47) . These include the products of glucosylation at the N 7 and N 9 positions, and at the N 3 position.
Analysis of Transgenic Arabidopsis Plants in which UGT76C1 is Constitutively
In this study, none of the 105 recombinant UGTs that were assayed produced a 3-N-glucoside with any of the cytokinins. Whilst 3-N-glucosides have been reported in some plant species such as radish (34) , to our knowledge their existence in Arabidopsis has not been investigated previously.
The UGTs, 76C1 and 76C2, catalysed the formation of both the 7-N-and the 9-Nglucoside of each of the cytokinins analysed. This observation may be due to the known tautomerism of adenine, in which a hydrogen atom attaches either to the N 7 (7-H tautomer) or the N 9 position (9-H tautomer) of the molecule. In these circumstances in aqueous solutions, the 7-H tautomer is the favoured state (49) leading to an increased availability of the 7-N for glucosylation by the UGTs. This may be the explanation for the higher levels of the 7-Nglucoside produced by the two UGTs in vitro.
N-glucosylation has attracted considerable interest over many years, since it is considered to be a major barrier to the successful use of cytokinins in field applications (45, 46) . As a consequence there have been a number of studies to investigate the ways in which the process could be inhibited (45) (46) (47) . For example, the efficacy of several structurally-related compounds were assayed in tissue extracts and led to the identification of substituted xanthines as useful inhibitors. It was speculated that compounds such as those would act as inhibitors of the N-glucosyltransferases, but this could not be proven due to the lack of purified enzyme(s). We now confirm, using the recombinant UGTs, that both 3-isobutyl-1-methylxanthine and olomoucine are highly effective inhibitors of N-glucosyltransferases.
Among the five UGTs reported in this study, only UGTs 76C1 and 76C2 are closelyrelated with 60% identity at the amino acid level. When these sequences are compared to the enzymes identified in Zea and Phaseolus by Mok and co-workers, only low sequence similarity was observed (<30%). The Zea and Phaseolus UGTs form a unique branch on the phylogenetic tree containing 107 Arabidopsis UGTs (Fig. 7) . It is possible that the Zea and
Phaseolus UGTs evolved from a common ancestor distinct from those identified in
Arabidopsis (39, 40 (53) . In addition, UGT73C5 has been described in another recent study as a glycosyltransferase responsible for fungal toxin detoxification in planta (51) . It is possible UGT73C5 recognises multiple endogenous compounds and xenobiotics including cytokinins, flavonoids, hydroxycoumarins and fungal toxins.
Alternatively, the in vitro analysis may only reflect catalytic activity towards a structural feature(s) common to a range of secondary metabolites.
Recent studies have analysed the effects of cytokinin application on global gene expression using a DNA microarray strategy (50) . Expression profiling using an 8300-element Arabidopsis Affychip examined cytokinin-responsive genes over a 24 h time period.
The expression of the cytokinin oxidase genes was significantly up-regulated in these experiments. Only two of the UGTs described in this report were represented in the Affychip -UGTs 73C5 and 73C1, and the expression of neither of these genes was up-regulated.
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